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SUMMARY

Stmilarity relations for time-averaged fluctuating
pressures at arbitrary field points are derived for
subsonic jets. The derivation is based on elemen-
tary considerations for similarity in conjunction
with known proportionality relations for the limiting
cases of acoustic (compressible) Auctuations at
points far from the flow and pressure fluctuations
associated with incompressibility within the flow.
The resulting relations are compatible with, and
slightly more general than, previously proposed
relations.  Similarity relations are derived for
overall pressure fluctuations as well as pressure
Auctuations in jfrequency pass-bands of arbitrary
width.

The derived relations were found to be sufficient,
Jrom an engineering standpoint, for predicting
contour maps of overall and frequency-pass-band
pressure fluctuations for intermediate values of the
Sluid and geometric variables if contour maps were
available for two values of these variables. The
derived relations could also be used in conjunction
with test data for predicting spectra. However, in
all instances geometric and dynamic similarity of
the jets is essential. Dissimilarity of mnozzle
contours and differing jet temperatures seriously
limit application of similarity relations, especially
near the jet nozzle.

INTRODUCTION

Deleterious effects of high noise levels associ-
ated with jet propulsion devices have been widely
publicized. In the search for methods of abating
the noise at its source, knowledge of the noise
characteristics is invariably required. General
and simple specifications of these characteristics
have utilized similarity parameters. When ap-
plicable, similarity parameters permit scaling, or

prediction, of noise characteristics for a desired
set of test conditions if the characteristics are
known for a set of reference conditions.

The similarity of noise characteristics in the
region remote from a jet (acoustic far field) has
been fairly well established (refs. 1 to 7). Simi-
larities of noise characteristics in the region near
a jet (acoustic near field) are relatively unde-
termined. Theories and experiments concerned
with the near field have usually dealt with two
different quantities (acoustic power and pressure
fluctuations, respectively) which are not simply
related. The theories (refs. 4 and 8 to 10) are
concerned primarily with the distribution of noise
sources along a jet. Apparently the only attempt
to determine similarity conditions throughout the
near field was reported by Greatrex in reference 11.

In the present report near-field-similarity laws
are discussed and tested using new, as well as
previously reported (refs. 12 to 14), data. The
results are restricted to jets issuing from nozzles
having circular cross scctions. The data are
presented in a variety of forms for convenience
in engincering applications.

SIMILARITY RELATIONS

When distances measured from a multipole
noise source to points in the noise field are not
large compared to a typical wavelength of
the emitted sound, the ficld points are said to
be located in the acoustic near field. If the
source consists of an extended distribution of
poles or multipoles, then field points which are
not at large distances from the source compared
to the extent of the source also are often con-
sidered to lie within the near field. Franz (ref.
15) has referred to the former region as the “induc-
tion near field” and to the latter region as the
“geometric near field.”
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Noise fields associated with flow fields are
hypothesized to be similar if the flow fields are
geometrically and dynamically similar. Dynami-
cal similarity is to be expected for all sufficiently
large values of the overall flow Reynolds number
['D/y and local Reynolds number Uz/y, where 5
is the kinematic viscosity of the fluid. Tlowever,
in a jet, viscous forces may be of comparable
magnitude to inertial and pressure forces very
near the nozzle exit. Thus, dynamical similarity
may not exist in this region; hence, similarity of
the noise ficld should not be expected in the
immediate vicinity. When similarity conditions
are satisfied, noise characteristics should be
uniquely deseribable nondimensionally in terms
of a characteristic flow velocity, a characteristic
length, and nondimensional space coordinates.
Flow similurity is discussed in considerable detail
in reference 16.

OVERALL PRESSURE FLUCTUATIONS

Greatrex effectively proposed (ref. 11) the fol-
lowing similarity relation: Given a round jet for
which the space distribution of overall pressure
fluctuations is known. Then, the space distribu-
tion of the overall pressure fluctuations for a
second, similar, jet is given by

E (% 7'1,01): (UZ/UI)'Z]_E(”MGI)
1

where p is the pressure fluctuation, U71s the nozzle-

exit velocity, D is the nozzle-exit diameter, and
7 and 8 arc spherical coordinates (fig. 1). (All
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Fiaure 1.—Coordinate systems.

quantities are defined in the appendix.) (Note
that for an axisymmetric jet, the noise field ex-
pressed in spherical coordinates is, effectively, in-
dependent  of the azimuthal coordinate ¢.)
Subseript 1 refers to the jet for which the pressure
field is known; subseript 2 refers to the jet for
which the pressure field is to be determined. The
exponent # is a function of the space coordinates
and is to be determined from the characteristics
of the noise field of the reference jet (denoted by
the subseript 1) for two values of the velocity U.
The preceding relation should apply for subsonic
jets which are geometrically and dynamically
similar.

In the experimental test (ref. 11) of Greatrex’s
proposed similarity condition, the noise levels of
the unknown and reference jets at geometrically
similar points generally differed by an amount
(<2 db) not much greater than the errors of
measurement. Thus, although the proposed re-
lation appeared satisfactory for scaling results
between jet engines of comparable size and thrust,
the experiment could not be expected to test the
validity of the proposed relation.

In determining, for overall pressure fluctua-
tions, a similarity relation expected to apply
throughout the noise ficld, consider the known
proportionality relations between jet characteris-
ties and pressure fluctuations.  The far-field rela-
tion for acoustic pressure is

72(r,0) ccpU%a DR~ Fy (o) (R>\D) (1)

(ref. 7) where p is the ambient density, @ is the
ambient speed of sound, R is a characteristic
radius of the observation point from the cffective
center of the source, Fi(a) is a directivity func-
tion, and A is a typical acoustic wavelength.  In
the far field, R->r and a—0. The limiting rela-
tion for pressure fluctuations in the near field is,
in a form comparable to relation (1),

72(r,8) < pU*a’ D R°F(a) (RN (2)

(refs. 17 and 18). Considering the limiting rela-
tions (1) and (2), the following general relution is
expected to apply at an arbitrary field point:

P8 ccpUma™"D 'R*F(a) (32)
where n, m, I, and k are functions of the observa-
tion point. This may be rewritten as

72(r,0) o< p U U /a)"(R[D)~F(a) (3b)
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Proportionality (3b) results from the fact that
Ura™"D'R™* must possess the dimensions of
(velocity)!—so that n=m-+4 (cf. relations (1)
and (2))—and that D and R occur as a dimension-
less ratio in relations (1) and (2). Proportional-
ities (3) apply to an individual jet.

Now, as before, consider two similar jets denoted
by subsecripts 1 and 2. At geometrically similar
observation points, namely (r,/Dy,8,) ~ (r,/D,,8,), it
follows that R/D\=R,/D, and oy=a,. Thus,

P60 = (02 p ) UM Unfan)™ (U fan) " pi(r*,6%)

where r*=r,/Dy=r,/D, and *=8,=6,. This cor-
responds to a proportionality relation
P69/ o< (U fa)™ 4

where m, a continuous function of the coordinates
r*,0% possesses the values 0 and 4 at near-field
and far-field limits, respectively, and may possess
any value in the intermediate field. Relation (4)
is compatible with Greatrex’s proposal if ambient
conditions remain unchanged.

PRESSURE FLUCTUATIONS IN FREQUENCY BANDS

For similarity of the space distribution of pres-
sure fluctuations in frequency bands, Greatrex
proposed (ref. 11) the use of the overall-pressure-
similarity condition in the manner alrcady de-
scribed but with the additional stipulation that to
be comparable the noise fields should be associated
with frequency bands for which the Strouhal
number fD/U is the same. No specification was
placed on the frequeney bandwidth for which the
maps were 10 be defined.  The method was illus-
trated using octave-band data,

To obtain a similarity relation which applies
for frequency bands and is expected to apply
throughout the noise field, define the mean-square-

pressure spectral density ¢2(f) as p—7=f V(N df,
0

where f is the frequency. Considering propor-

tionalities (1) and (2),

V0,6:0) &< 02U DR G\ (asf)  (R>\D)
(5)
Vr,6,0) o U PR ~'Gociif)  (R<N)  (6)

A . . .
where fac U/ is a characteristic frequency asso-
cinted with the overall flow. The directivity

funections @, and @, depend, also, on the frequency
J. Tt follows from proportionalities (5) and (6)
that, in general,

V(r,0;f) o p? U a IR G (o f ) (7a)
which may be rewritten in the form

V2 (r,6:/) o o2 (Ufa)*(R{D) D@ (ef)  (7b)

Relation (7h) results beecause TFa*TPR-* must
possess the dimensions (velocity)! - time=(ve-
locity)* - length, so that y=u+3 and A=1+«.
Proportionalities (7) apply to an individual jet.

For similar jets, values of ¥2 are to be compared
for similar points (#*,6*) and for similar frequen-
cies y=fD/U. Thus,

Y10, 0%5) = (pefr) Uo/UL)°

U ofas)* (Thfar)~#(DofDy) Y2 (r*, 6%; 1)

which corresponds to a proportionality relation

T+, 0%,0)[0 0D o (Ufa)» (8)

where p i1s a function of frequeney, as well as the
observation point.

Relation (8) applies to spectral densities.  TTow-
ever, Greatrex considered comparisons for octave,
rather than unit, bandwidths. By definition, for
arbitrary bandwidth,

Fo0f)=[ " Feona  ©

where f, and f, are lower and upper cutoff fre-
quencies, respectively. Thus, for similarity in
frequency pass-bands,

Pt 0%mm= | "GRG (o)

that is, the comparison must be made at geonmet-
rically similar field points (r*,6%), and the Strouhal
numbers corresponding to the cutofl frequencies
must be identical. This latter requirement is
expressed by (v,)1=(v,): and (vp) = (vp):. Equation
(10) applics to overall pressure fluctuations, as
well as to pressure fluctuations in pass-bands.
In the former instance p*(r*,6%*;v,»,) compares
with p2(r*,6*) if the pass-band contains the
dominant portion of the entire spectrum.
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A convenient dimensionless form for the spece-
{rum follows from equation (10), namely,

T2 (% v [7 i *
]) (' 9 VG:VD) J ’l ¢ (' 0 )(lv (11)
PR (r*,0%) D P2 (r+,6%)

The left side of equation (11) represents a dimen-

sionless form for the pressure fluctuations in
pass-bands. The integrand in  cquation (1)

represents a dimensionless form for the mean-
square-pressure spectral density.

Beeause p2(r*,

(a) Photograph.

B*v,,v5) possesses the dimensions of mean-square
pressure, an alternative dimensionless form is

PP (%,0% %) [pU* o (Ufa) (12)

which expresses the same functional dependence
as cquation (4).
FLUCTUATION-PRESSURE SPECTRA

The preceding discussion applies, also, to
spectra.  Dimensionless spectral densities or di-
mensionless band-pass spectra for geometrically
similar ficld points are to be compared for identical
values of Strouhal number.

EXPERIMENT

APPARATUS

Air-jet facility.—The facility (fig. 2) is identical
to that deseribed in reference 7. Essentially, a
continuous horizontal air jet is obtained at near-
ambient temperature at a height 10 feet above the
ground plane and more than 100 feet from the
nearest siructure other than the facility itself. The
tank face was covered with a 4-inch-thick layer of
acoustic absorbent material and the nozzle-inlet
pipe with a 2-inch-thick layer of the same material
in order to minimize reflections {(cf. fig. 3).

Two nozzles (fig. 4), one having an exit diameter
of 3 inches, the other of 5 inches, were used in the

Freure 2.~ -Air-jet installation. tests.
~ 112 Ft - ~———— - 90 Ft o Ft,J!
! 10 Ft above ground | 4 F1 above ground 'S?é%”é‘:
! Plenum-. Flow-metering ,~Air- i |
— Mufflers’,‘ orifice -Control ;/ operated :
\l/“ ‘ — B | shelter ;S vale ; ;
I * 8-In. air line \ /' +Motor- :
; l 15 Ft i / ' operated
! \ / . valve
"Nozzle 1 7§ T }
r———ft-————"—————— ! “=10-In. 7 ~Gate
| 1 air line ‘ / valve
ICpen - ! K “Water
[ Open 1 / separator
1 {
: I L-Burner (fuel lines,
[ | controls, ond
I : instruments not
! Monometers, | shown) %
1 in control shelter -: “7-n.
o ____Thermocouple switeh =7 _ | e

(b)

(b) Plan view (not to scale).

Figure 2.——Concluded.

Air-jet installation.
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FigurE 4.—Air-jet nozzle configurations.

Air pressures and temperatures were measured
using manometers and thermocouples, respec-
tively, in the same manner as described in reference
7 and at the points shown in figure 2(b).

16 ] T
2 M TTIT | (
O 21 1T Recorder L
£ 8 it amplifier (L1118 11
3,,‘ O 8 | 11 ' .
55 e T i
O L] 4
vd 2 0 - A
-410 100 1000 10,000 100,000

Frequency, cps

FiGtrE 5.-—Acoustic sysiem frecueney response (micro-
phone input through tape playback). Record level --
15 voiee units; tape speed, 15 inches per second,

Acoustic recording.—The pressure transducer
consisted of a commercial condenser microphone
having a diaphragm approximately 7/16 inch in
diameter and designed {or operation at high acous-
tic pressures. The acoustic system was adapted
(cf. vef. 7) for use with Jong cables and magnetic-
tape recording. The system-frequency-response
curve (from microphone input through playback)
is shown in figure 5.

While recording noise, the microphone was
moved linearly and continuously by an actuator
driven by a synchronous motor. The rate of mo-
tion was constant (0.277 in./see) over the traverse
length (94.0 in.). The entire unit (fig. 3) was ro-
tatable about a fixed vertical axis adjacent to the
jet nozzle, permitting microphone traverses at any
azimuth from 0° (parallel to the jet axis) to 100°,
The angle of traverse was read from a protractor
having a radius of 18 inches. A block diagram of
the recording and actuation systems is shown in
figure 6. Separate or simultancous starting or
stopping of the microphone motion and recording
process was provided for. Reversal and automatic
cessation of the motion were accomplished by limit
switches actuated by the microphone holder,

The microphone was mounted in the horizontal
plane containing the jet axis and pointed at and
normal to the jet axis. The estimated probable
error of the microphone position for any given

traverse was (igb inch in the vertical direction

and 0.1 inch in the horizontal plane. Hysteresis
of the traverse was negligible.

Acoustic analysis,—Data were transcribed
from the magnetic recordings by means of a one-
third-octave band audiospectrum analyzer and
automatic level-recorder.
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Microphone Microphone
and preamplifier actuator
Power
supply
RC filter
240-Ft cable
Decade Sound-level
amplifier meter
. Tape . Microphone
Oscilloscope i yierop
P recorder Switch Switch position indicator
T
|
1
One-third-octave
band spectrum
anolyzer and
automatic recorder
F1gURE 6.—Acoustic recording and microphone actuation systems.
PROCEDURE 75°, 90°, 100°). Impingement of the jet on the
Acoustic recording.— First the microphone  microphone prohibited traverses at angles less

boom was set at a predetermined angle 8. The
microphone was then positioned within a fraction
of an inch of the nozzle exit. The desired airflow
conditions were established and the sound-level-
meter reading noted. Microphone motion and
acoustic recording were started simultaneously.
Following completion of the microphone traverse,
new flow conditions were established, and a new
recording was made with the microphone moving
toward the nozzle. At the end of the traverse
the new sound level was noted.  The entire process
was repeated for several flow conditions and then
for several traverse angles (10°, 15°, 30°, 45°, 60°,

than 10°.

Preceding and following cach series of recordings
at a selected angle, the acoustic system wascali-
brated using an acoustic signal of known level
(121 db re. 2:X10* dyne/em? at 400 cps at the
microphone). The calibration signal was moni-
tored using the sound-level meter. The monitored
level was used to caleulate the actual jet-noise
level from the noise level noted when the micro-
phone was adjacent to the nozzle exit in the pres-
ence of jet flow. Because of the continuity of the
noise recordings, noise levels could then be readily
determined throughout the traverse.
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The insertion of a decade amplifier in the clec-
tronic circuit permitted the recorded signal level
to be kept within the range of linear amplitude
response of the magnetic tape. When necessary
the amplification was switched during the record-
ing process. Correction for the switching was
made in reading the printed records.

Acoustic analysis.—The recordings obtained
were converted to printed form using the analyzer-
recorder. The printed records were used to obtain
contour maps of the noise fields, as well as other
graphical results. Although the automatic re-
corder had a quasi-peak characteristic, the starting
noise levels were originally noted from a sound-
level meter having a full-wave rectifying charac-
teristic. During playback the noise signal was
monitored using a root-mean-square voltmeter in
addition to the sound-level meter. The difference
between the sound levels indicated by the two
instruments was always less than 1 decibel, but
usually less than 0.5 decibel when both instru-
ments were calibrated to yield the same level for
8 1000-cycle-per-second sine-wave input.

The starting noise levels (at the nozzle exit)
were found to vary for a single flow condition
The standard deviation of the starting noise
evel for an individual traverse angle with respect
to the average level for a single flow condition
(all angles) was 1 decibel, or less. Tn plotting
contour maps the average recorded noise level at
the nozzle exit was adopted as the starting level
for each traverse.

Local pressure spectra were determined by
replaying the same portion of the magnetic-tape-
recorded signal through each filter of the spectrum
analyzer. Thus, the indicated spectrum levels for
all frequencies are simultaneous values, rather
than consecutive values.

RESULTS AND DISCUSSION

The Reynolds number (UD/5) range associated
with  the  5-inch-diameter-nozzle results  was
2.0X10° to 3.510% whereas the corresponding
range for the 3-inch-diameter-nozzle results was
1.4><10% to 2.1x10% Although the mean-flow
Reynolds number was not constant, studies of
far noise fields (ref. 7) over the same range of
values of Reynolds number have indieated that

589750—61— 2

similarity of jet noise fields is independent of
Reynolds number over the present range of
interest. Moreover, no effect of Reynolds number
on similarity is to be expected unless the Reynolds
nuniber is small (say <{10%). The local Reynolds
number (Uz/v) is small near the nozzle cxit.
Thus, a Reynolds number effect may be associated
with pressure fluctuations originating necar the
nozzle.
OVERALL-PRESSURE FLUCTUATIONS

Ficld-contour maps of overall-pressure fluctua-
tions surrounding subsonic jets are shown in
figures 7 and 8. The contours shown are those of

overall-sound-pressure level SPL=20 log (\/p_z/ Do),
where po=2X10"*dyne/em? Maps corresponding
to the 3-inch-diameter nozzle are exhibited in
figure 7, whereas those in figure 8 correspond to
the 5-inch-diameter nozzle. In both cases maps
corresponding to the limits of the measured
subsonic-velocity range are included. The maps
for a given nozzle exhibit evidence of a transition
of the contour shapes as a function of jet velocity.

In order to predict the noise field for a jet, the
distribution of the wvelocity exponent n (ot
m=n—4) must be determined from measurements
of the noise fields associated with a reference jet
for two values of the jet velocity. The distribu-
tions of n were calculated using the formula

Ik gk Tia% pk
n(r*, 0*)=SPL 1(6 l’:g)(Uk’g:ZLIf:’)(r 99 where the
primes refer 1o the appropriate reference. Data
illustrated in figures 7(a) and (¢) were used in
computing the distribution of n associated with
the 3-inch-diameter nozzle, whereas data illus-
trated in figures 8(a) and (¢) were used in com-
puting n for the 5-inch-diameter nozzle. The
results are shown in figure 9. The distribution of
n for a turbojet engine (ref. 14) is shown in
figure 10.

The distributions appearing in figure 9 have
been smoothed considerably. From estimates of
the crrors in determining SPL''—SPL’, the esti-
mated probable error of » was on ~1, independent
of n. This corresponds to a percentage error
ranging from 10 to 25 (approx.). The magnitude
of this error seems insufficient to account for the
considerable difference among the three distribu-
tions of n.
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Figure 7.— Contours of overall-sound-pressure level for a subsonie jet. Noazzle diameter D, 3 inches.
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The distributions of n were used to predict
contour maps associated with the two nozzles for
values of jet velocity intermediate between the
limiting reference values using the relation
SPL(r*, 0%)=SPL’'(r*, 8*)+10n(r*, %) log (U/U" )3
In order to permit an experimental check of the
predictions the velocities U7 were selected to corre-
spond to the maps shown in figures 7(b) and 8(b).
Comparisons between the predicted and experi-
mentally determined maps are shown in figure 11.
The predicted noise levels agree quite well with
the measured levels at corresponding points,  The
difference of the levels is, at most, 2 or 3 decibels.
This level difference at a point, not the spatial
separation of the corresponding contour lines, is
the appropriate measure of the error of the pre-

diction. The difference between the measured
and predicted levels at corresponding points was

found to be approximately 1 decibel for every 5-
decibel adjustment of the reference level to the
predicted Tevel.

Attempts to predict noise fields associated with
the 5-inch-diameter nozzle and a turbojet engine,
using 3-inch-diameter-nozzle data as the refer-
ence, failed. Disagreementsbetween predicted and
test results of the order of 10 decibels were obtained.
The shapes of the eonvergent sections of the noz-
zles, that is, the nozzle contours, hence the jet
structures, were not similar, These results imply
that near noise fields of geometrically similar jets
are similar over a fairly wide range of subsonic
velocities, but that the degree of similarity is
strongly influenced by changes of the jet nozzle
contour (geometrical dissimilarity) (cf. ref. 12).
In addition the turbojet engine exhaust was hot,
whereas the air jets were cold. The jet tempera-
ture is also likely to affect similarity, that is, hot
and cold jets cannot be expected to compare favor-
ably on the present similarity basis (cf. ref. 12),

The distribution of time-averaged fluctuation
pressures along the jet boundary is of particular
interest because of its proximity to the noise
sources. Dimensionless profiles of mean-square
pressures along the mean-velocity boundary are
shown for the various nozzles in figure 12. Pre-
dicted curves (cf. ref. 12) are also shown. In
reference 12 the profiles shown are discussed in
some detail. There, as herein, the differences
between the predicted and measured pressure
profiles are attributed to differences among the
nozzle contours or differences between jet and

ambient temperatures. The magnitude of the
difference between the pressure profiles associated
with the 3- and 5-inch-diameter nozzles is so
large (=10 db near the nozzle) that an observable
difference might be expected in the far field.
The difference was observed (fig. 7 of ref. 7).
The total acoustic power emitted by the jet
associated with the 5-inch-diameter nozzle for
all values of the Lighthill parameter L=pD*TU8% 8
was approximately 2 decibels higher than that
associated with the 3-inch-diameter nozzle. This
result could not be attributed to any difference
between experimental conditions other than the
nozzle contours.

The extent to which the nozzle contour would
influence the near noise field was not fully appre-
ciated when the tests were performed (although
of. ref. 16, p. 184 footnote). Thus, similarity of
the noise field as a function of jet velocity was
confirmed, but similarity associated with jet size
could not be studied using the available nozzles.
In addition, the effects of changing ambient
conditions were not studied.

PRESSURE FLUCTUATIONS IN FREQUENCY BANDS

Contour maps of sound-pressure levels for one-
third-octave bandwidths are shown in figures 13
and 14.  Results for a relatively large value
(va=5, fig. 13) and a relatively small value
(va=0.06, fig. 14) of Strouhal number are pre-
sented.  The similarity of the contour shapes for
constant values of Strouhal number is evident.
As expected, the apparent source of the pressure
fluctuations for the larger value of v, is relatively
near the nozzle exit, whereas the apparent source
for the smaller value of », is well downstream of
the nozzle exit.

Contour maps of the mean-square-pressure-
spectral-density level in the dimensionless form
of the logarithm of gﬁ_gﬂ (

p

D

sented in figure 15. Each map was determined
by averaging two similar contour maps for dif-
ferent values of the jet velocity. The contours
indicate the relative contribution of the spectral
density at the frequeney f to the overall mean-
square pressure. Thus, these maps indicate that
the relative contribution of the low frequencies
to the mean-square pressure is greatest near the
jet boundary, whereas the greatest relative con-
tribution of the high frequencics occurs at a

eq. (11)) are pre-
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Frcure 12.—Dimensionless fluctuation-pressure profiles along mean-velocity boundary of jet.

relatively large azimuth. A representation of
contours in terms of pressure fluctuations in pass-
bands (cf. egs. (11) and (12)) would also have been
permissible because the values of Strouhal number
corresponding to the filter cutoff frequencies were
nearly equal.

The spacewise distribution of n for overall
pressure fluctuations was depicted in figure 9.
Because the effective geometry of a jet as a noise
source is a function of frequency, it appears quite
likely that the distribution of n is also a function
of frequency. The data shown in the reference
maps (figs. 13 and 14) were used to determine
the distributions of the jet velocity exponent
v, the spectral-density correspondent of n (cf.
eqs. 3(a) and 7(a)), for a relatively large and for

a relatively small value of Strouhal number. Dis-
tributions for the 5- and 3-inch-diameter nozzles
are shown in figures 16 and 17, respectively.
(Because the microphone-response correction for
f=20 ke was not known, the distribution of
the exponent » for D=3 in., v,=~5 could not
be reliably determined.) Over small regions,
values of the exponent » of less than 2 and greater
than 8 were obtained. Values of the exponent
v tended to be smallest along the jet boundary,
especially near the nozzle. However, because the
measurements of filtered signals were less accurate
than measurements of unfiltered signals (simply
because of the reduced bandwidth), a number of
repetitions of the tests would be necessary before
definite conclusions could be reached.

S
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The reference maps (figs. 13 and 14) in conjunc-
tion with the computed distributions of the ex-
ponent » were used to predict the sound-pressure-
level field for the 5-inch-diameter nozzle at an
intermediate value of velocity (U=894 ft/sec).
Predictions were made for both values of Strouhal
number. The predicted maps were computed in
the same manner as were those for overall-sound-
pressure level.  The predicted contours, shown in
figure 18, are in relatively good agreement with
the experimentally determined contours, also
shown in figure 18.

In figure 19 the distribution along the jet
boundary of pressure fluctuations in frequency
pass-bands is shown in dimensionless form for
the 3- and 5-inch-diameter mnozzles. Although
the nozzle contours differ, there is a general
similarity of the profiles of the pressure fluctua-
tions. The similarity is somewhat poorer for the
higher frequencies, which are generated nearer
the nozzle and, hence, should be most seriously
affected by the nozzle profile.  For ecach nozzle
a systematic difference among the profiles is
observed. For the smaller values of Strouhal
nuimber (v,50.1), the speectral-density level for
the lesser value of jet velocity is generally slightly
higher than that for the greater value of velocity.
For the larger values of Strouhal number (v22 1),
the situation is reversed, that is, the spectral-
density level for the greater value of jet velocity is
significantly higher. Tt seems possible that aslight
dissimilarity of the jet exit-velocity profile over
the subsonic range might account for the observed
effect.

The loci of maxima of the fluctuation-pressure
profiles for each frequency band are plotted in
dimensionless form in figure 20. The maxima
referred to are, however, speetral-density, or
spectrum-level, maxima, not the dimensionless

spectral-density maxima which would be obtained

from figure 19.  The loci of the two sets of maxima
differ because p? is a function of the dimensionless
axial coordinate z*.  The loci shown in figure 20
are of greater interest because of their possible
application in connection with the theory pre-
sented in reference 10,

Although the loci in figure 20 agree generally
with those previously established for round jets

(refs. 13 and 10), in certain intervals of z* the
various determinations differ by a measurable
amount. Tn this regard some important differ-
ences exist among the various tests.  For example,
figure 20 applies to cold subsonic jets and the
nozzles skeiched in figure 4. The fluctuation-
pressure results in reference 13 (fig. 17) apply to a
turbojet engine operated at a supercritical value
of nozzle pressure ratio. The results of Dyer and
Franken (ref. 10) apply to a large rocket. Con-
sidering the wide divergeney of test conditions,
the good agreement of the loci is surprising.

There were other important experimental dif-
ferences involved in determining the loct of the
“noise sources.” The loci shown in figure 20 and
reference 13 (fig. 17) were established from meas-
urements of near-field noise, hence pressure
fluctuations associnted with incompressibility
(pscudosound), whereas those in reference 10
were determined from measurements of far-field
pressure fluctuations associated with compressi-
bility (sound). Speecifically, determinations of
noisc source location from far-field tests should
apply in Dyer’s theory (ref. 10). However, be-
cause the acoustic radiation is driven by the
essentially incompressible, near-ficld, pressure
fluctuations (ref. 18), it might be presumed (cf.
ref. 19, eq. TT 7) that relatively high pseudosound
levels are associated with relatively high sound
levels at the same point. (Sound results if the
second time derivatives of the pscudosound pres-
sures in a coordinate system translated at the
mean convective velocity of the fluctuations are
time-dependent.  Tf sound is radiated, increased
amplitudes of the pseudosound-pressure fluctun-
tions lead to increased amplitude of the sound.)
Thus, measurements of the incompressible flue-
tuations might be equally suitable for determining
noise source locations. This is borne out by the
fact that loci determined by measuring pscudo-
sound- and sound-pressure fluctuations tend to
agree. Some disagreement belween the two
methods of determination exists for z*>>10, but
this likely results from certain experimental diffi-
culties encountered in the determination reported
in reference 10 (personal communication from
Dr. Dyer).
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A difference between the noise source loci asso-
ciated with the 3- and 5-inch-diameter nozzles is
apparent in figure 20. The difference can be
qualitatively attributed to the difference between
the nozzle profiles. In the case of the 3-inch-
diameter nozzle the quasi-laminar boundary
layer emerging from the nozzle exit tends to dis-
place the peak fluctuation levels downstream,
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FrgorE 20.—Locus of maxima of fluctuation-pressure
profiles for one-third-octave frequency bands.

FLUCTUATION-PRESSURE SPECTRA

Often spectra of pressure fluctuations at dis-
crete points in the noise field are of greater interest
than space contours of pressure fluctuations in
discrete frequency bands. Several examples of
spectra associated with the 3- and 5-inch-diameter
nozzles are shown in figure 21. The spectra are
presented in the dimensionless form previously
discussed.

The spectra for a given nozzle arc generally in
fair agreement. The greatest disagreement (=5
db) is associated with the 5-inch-diameter nozzle
for the larger values of azimuth. The agreement
between corresponding results for the two nozzles
is generally poor, although agreement tends to
improve for smualler values of azimuth and larger
values of jet velocity. In general, the trends of
the spectra as funetions of jet veloeity, azimuth,
and radial distance have all been noted previously.

Dimensionless spectra along the mean-velocity
boundary are shown in figure 22. As expected,
the frequency of the spectrum peak decreases as a
function of increasing distance downstream of the
nozzle exit. The maximum spectral density tends
to increase as a function of increasing distance
downstream. TFor all downstream distances,
speetra for a given nozzle are in good agreement.
However, spectra for the two nozzles do not agree
for z*<1. This is to be expected for nozzles
having dissimilar profiles. All spectra possess
negative skewness,



v ¥2

o

d

p2

Dimensionless mean-square-pressure-spectral-density level, (O log

20 T — R
| NI
| A ERITY
o op B ! o © a P
o 0| i
15 - ~ °7€f??*% 24 — 4 °’<:A & "
i 2o o © <
o 49 a fe
y 3
IS K]
4
ol - AL
o 4
. ilP
o ¢ L d
Sre T b T 7 TT Nozzie diam., Velocity,
D D, in U, ft/sec
a o 3 800
o 3 1015
0 L o 5 699
5] a 5 1035
=]
C l
_5 - -
25— L
o &0
s] g {1’-\
20* - j] é - B b‘?g
a
o ol A oA J¥
o T ol o ¢ g
° d o © f
15 — looa o ol °
Lj e d& a
A
o T g Q
o % X o Q
old © po
o | AL s
g ®°9 % la
C a f
3
A
L _ __ | R
5.O| ! |

SIMILARITY OF NEAR NOISE FIELDS OF SUBSONIC JETS

' Strouhal number, 7 O/U

(a) r;=6 diameters; g=30°.
(b) r;=18 diameters; g8=30°.

Ficure 21.—Dimensionless spectra of pressure fluctuations.

{b)

il

10

43



44 TECHNICAL REPORT R—94—NATIONAL AERONAUTICS AND

;2

Dimensionless mean-square-pressure-spectral~density level, 10 log DU~

SPACE ADMINISTRATION

25 T
=]
g G
20 - 1 - - o Iii oo} .
o} (T [o 3]
@
o o ®ll o ¢ 1% o
[} I © P q
15— of & 7 -1 © H
( a a 44 °la A
o o A A
° 4 A lﬁ
o [
o} L o A —
) a9
o o JP
A
5 P T -
PR Rt
f 23 A |4
a 4
0 o Nozzle diom., Velocity,
J’ o o D, in. U, ft/sec
s] o 3 798
o o o 3 1019
< 5 690
- 50— LA 5 1024
(c)
_|Oi o _ L1
20 e Jr()&FC(Loo(l
h
g NS
Al & A
© iy a alaf
15— 3 d A S o'&*{h -H
A q ° [ °
o L [ 9 Ja
A < 9q
4
B e T
10 é o
o
[o A e
of p o
5 < o ] |||
fo Bl
%5 b Ao
’ o
0 3 e e -
A
N 4
a ala
° P (]d)
“Sort 1 1 10

Strouhal number, 7 O/U

(¢) r;=6 diameters; g=60°.
(d) r,=18 diameters; 8=:60°,

Fiarre 21.—Continued. Dimensionless spectra of pressure fluctuations,




v vin
D

. db

p2

Dimensionless mean-square-pressure-spectral-density level, 10 log

SIMILARITY OF NEAR NOISE FIELDS OF SUBSONIC JETS
20 DEE R
o
] o
ta] o
o g ﬁJ A& an PG A
15 - ol Tal F ATl
o o 7 4 L q
§ )
3 3 o h p ¢
1OF— 5
a 'y
o A o
ol ¢ 4
o o y
5 I a A &P ||
o h o ° 5
g
oo} ° 5 Al ¢ °
L Nozzle diam., Velocity,
0 o G | 9 D, in. U, ft/sec
<
? o ° 0 3 803
o 3 1022
d o 5 690
-5 - 4 — 2 5 1028 & o
°
(e)
-10 i i L [ L
20 :
a o] 8
[e] 2 ]
A a A 0.

15 a 1Y ~
a g d ¢ ia
°R LA PN T4

o | & 4 ¢ o X
&
10 - o O 41T »
A o
k " o 7
o q
S5F—— o s =
=] ég o @ °
[e] u]
8o ﬁ: N Nozzle diom., Velocity,
o a 0, in. U, ft/sec
0 B yy o 3 809
& o o 3 1022
o < < 5 6390
r q 4 5 1028
sl 1° i , | ]
A
| "
~Ol— , . . b1l
O.OI A | 10

Strouhal number, 70/¢/

() ri=6 diameters; g="90°.
(f) r,=18 diameters; g=90°.

Figure 21.—Concluded. Dimensionless spectra of pressure fluctuations.

45



46

TECHNICAL REPORT R—-94—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

20 1T
[T T THTTTI
a Nozzle diam., Velocity,
o D,in, U, f1/sec
~I L o 3 804 - ]
S, "° o 3 1027
S S R+
QlQ
g o]
° X l ;
- d g
= 5
2 ale 1 sl o |dllldao 4
~  -10}g - - o ° .5
> I0g cd8 ] A4 %135 a A L4 A° d
2 ﬁ o 8 T8 @ : aa® AO
] a d971P o o %o g
= 480 o © b 4
g 20F Dchg o i R+ BFe Wy _ e
§ ° o ] d 9 Ao
I
T
2 30b / LI L
&
o 9 l
S
& NE & 5
1 O e 9
5 s p L % A
@ _|of Ll - -+ Lol S L
€ A & o,
4 A A s A
@ (] ¥ ﬂ} N & A a
2 9 oo o & 9
§ NP o o 9
g 20— s o - : -
g A A o o
£ < lal!
o
(b)
- — | 11
3O.O| 1 | 10

‘ Strouhal number, £ O/U

(a) z¥=0.
(b) 2*¥=0.2.

Freure 22.—Dimensionless fluctuation-pressure spectra along mean-velocity boundary.




SIMILARITY OF NEAR NOISE FIELDS OF SUBSONIC JETS

20 ] 1T T7 - T
T T (e)
Nozzle diom., Velocity,
D, in. U, ft/sec
o 10—~ —T o 3 804 — 1t T T T
o s] 3 1027 | J
" < 5 694 : |
= o a 5 1032
18}
| : h 0 | & A
S 1o J OAO
E‘ A A
C_) A | 29 o 4
10— 4. A da < QD PR . i
?; A A 5 l R &8 a
§ a A OAO < j OA
-‘}' o P o
§ 20— ~749 - — : |
© r
= Q \
= A 0 N
g
o 30— - Lo — =
o
g2 0 o : -
2 (d)
@ i
S
g o -
< dq 111 Fo
S <
g 5 s
a A
73 <© j Lo
g -l0— - = o sttt H
2 A Iy
g h s 4 [23 <& d}ﬁ‘
n Al A D
: K v
by O < 9
' -20 — - R -
: o h
A
o o 7 r
30 } 1 | Telq JQ o
Ol A | i0
Strouhal number, 7 D/U/
(¢) £¥=0.4.
(d) 2*=0.8.

Frgure 22.—Continued. Dimensionless fluctuation-pressure spectra along mean-veloeity boundary.

47



48 TECHNICAL REPORT R—94—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

10—
o) . o ; N SU S B
A 4P
A% 3 g
a b glje
© A ;D 8 a
o ol fh =8 ST
=1 -} %o
INg I Q D A J A gg’ ® &
a o
b'Q © 5 g SE) dq E :3 o :
g -20io - SRS IR -
] Nozzle diam., Velocity, ° 4 \ A
. D, in. U, ft/sec ?
E 3 804 o
o . <
= 7301 TTe 3 1027 T ol I
= o 5 694
Z a 5 1032
QU
° (e)
s a0l |- i e
3]
g op— - T T
o
2
o
5 o OA A [+ & 6
J [+
@
g o
4 9 %A
i ®
g, -0 J 4 lal i &
h DA 9
& are a
<@
8 A
g 20— | < Q& PR 0
1] H
) ': o % A A .
o i ;
- S - i R b IS R A i i
30 i a $
o 9
} ()
- I : L. L Lot el
40.0‘ 1 | 10
Strouhal number, / O/
(e) z*=1.00.
(f) z*¥=2.0.

Fiavre 22.—Continued. Dimensionless fluctuation-pressure spectra along mean-velocity boundary.,




SIMILARITY OF NEAR YNOISE FIELDS OF SUBSONIC JETS
10 — ST ,
(9)
o
g
oAd:. A A e
0 A1 Pl
Ao tL
A
o g
. %
A
S Slob—% %S A B J 1 T~,> 1
RNIEN ©
Dy “ a
: ) A
o i Nozzle diam., Velocity, . ® B |- L] L]
i 20 D, in. U, ft/sec o 4
= o 3 804 | Cq
i o 3 1027 ! o y
3 ke 5 694 : } all
S -30 — & 5 1032 ——{ 4 — = S
-(21
S Ol
© LO
g 40 o — L
(8]
]
@ 10— T 1
g (h)
7.3 q O
@ O @ @ o
E o] ¥ i 9 E:‘ ° E)
s ) 3 |
=) <o
4 b ob 8
. y: 1
S g P
2 .ote 9 - o b SERE
2 ° I 10 o
QO
g o q
g o ) oy o )
£ oo 127 1
la) d e
< d
30t - S — 4
s
4001 i S T q

Figure 22.—Continued.

Dimensionless fluetuation-pressure spectra along mean-velocity boundary.

Strouhal number, £ D/U

(g) 2%=3.0.
(h) 2*¥=5.0.

49



a0 TECHNICAL REPORT R—94—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

0 :
o t 9 iéi
0O
a
a a V. 3 d 9‘;5 [}
g T %9
Otosto AJ;
o J J4%9
o # :
_IO.; [j d
q g
o
D CP o
© e af a a
o -20f— — o1 0 ———p- -
a
IS [NQ Nozzle diam., Velocity, ¥ o O %
S D in, U ft/sec o g /
o o 3 804 q4 o B9
g 30 o 3 1027 ek LT
© 5 694 A
o a 5 1032 9 &
H R Telw
i
§ -40 ,l,[ ,,,,, l - b . ? ,IJJ
>
% 200 T
(3]
o
i
E
S 9
g 10— ° — - —1
b 94
3 ol
2
&0 9
bt
g [
&
1
5
o =10 © - -
E 0|
an“: °
5 14
2 20— — S 4+
£ O
o &
o
o
-30 -- — -
°
9
_40 - B S
Loiite
(i
_505,,, S | J, . ]
g L . | 10
Strouha!l number, 7 O/
(i) 2*¥=10.00.
G #*=14.0.

Ficure 22.—Continued. Dimensionless fluctuation-pressure spectra along mean-velocity boundary.



SIMILARITY OF NEAR NOISE FIELDS OF SUBSONIC JETS

20
ol || PIDIE LT
9 Nozzle diam., Velocity,
0 o Ll D,in. U, ft/sec | |||
alp ] o 3 804
. ,,Lﬁg__ | | o 3 1027 |11
o S 694
NS a 5 1032
o}
2 i Sl Al L
ST — Hi e C 4 -— 1 H
s <
< o L
IN" |(\& BT N _ ,S,,C 1 lal i ] | ]
>
allT]3
QI 20— ] - d a1 H
g S0
- _ - . 1 __‘k — o -
o
o
= -0 = — - 1 o142
> e
K] o a
- I _ 1 < ]
2 N s
c <
g 40— - - =114
° - | o <
°
D
% _50_.__-.__ vv,.L, - . - _. ] (Ikl)
e
3 20 -
n
2 o
o L o .- L B 1
L O p
o
& 10 % +—1 1
T
5 I . § . nEN
[+
€
@ 0 Q ; O—E—g 5
@
s | CdasTlleed LTI
‘w o0
g d | bld| b d
E -0 e 4.1 1 H
o qQ g
- P e d. - — . {
5
g:)
20— 1+— -1 T11 T 1 9 A
1 - r o _ 1
[
o
30|t |- Tl T g ek 4 4 T
a
| T
_40 — S 1 A 1 1]
fe]] A | 10
Strouhal number, £ D/U
(k) 2*=18.0.
() 2*=30.

Ficure 22.—Concluded. Dimensionless fluctuation-pressure spectra along mean-velocity boundary.



52 TECHNICAL REPORT R—94—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CONCLUSIONS

From a theoretical and experimental investiga-
tion of near noise ficlds of jets, the following con-
clusions were reached:

1. Similarity relations proposed by Greatrex
were found to be satisfactory for predicting the
characteristics of the fluctuation-pressure ficld for
intermediate values of the flow and geometric
variables if the fluctuation-pressure character-
isties are known for two scts of conditions.

2. The wvalidity of the similarity parameters,
hence the predieted pressure characteristics, may
be considerably reduced if nozzles having different
profiles, or jets having different temperatures, are
considered. This is especially true for regions
near the nozzle itself.

Lewis Resgarca CENTER
NATIONAL AERONATUTICS AND SPACE ADMINISTRATION
CLEVELAND, Omnio, August 18, 1960
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APPENDIX

SYMBOLS

ambient speed of sound

nozzle-exit diameter

overall-fluctuation-pressure directiv-
ity functions

frequency

lower cutoff frequency

upper cutoff frequency

:

filter geometric mean frequency, v, fo

characteristic frequency
spectral-density directivity functions
variable exponents

mean-square fluctuation pressure for
specified frequency bandwidth,
overall mean-square fluctuation
pressure

reference pressure (2:X107*dyne/em?)

characteristic radius of observation
point from effective center of noise
source

spherical coordinates (sce fig. 1)

r/D

radius connecting nozzle lip and ob-
servation point

>0
>

SPL

Va
Vy

Ym

L
(2%,

radius in cylindrical coordinates
(seript lower case in figures)

radius of nozzle exit, 17/2

»D

sound-pressure level, 10 log (p¥/p?)

jet exit velocity

jet axial distance from nozzle-exit
plane

z/D

characteristic polar angle between

5
radius vector R and z-axis

field angle with origin at nozzle lip

0

characteristic wavelength of pressure
fluctuations

Strouhal number, fD/U

lower cutoff frequency in dimension-
less form, f,D/U :

upper culoff frequency in dimension-
less form, f,D/U

filter mean-frequency in dimension-
less form, f,D/U

ambient density

mean-square-pressure  spectral den-
sity, 7= | B (haf
Q
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